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Since ancient times, people have used photosynthesized wood, bamboo, and cotton as building and clothing 
materials. The advantages of photo polymerization include the mild and easy process. However, the direct 
use of available sunlight for the preparation of materials is still a challenge due to its rather dilute intensity. 
Here, we show that semiconductor nanoparticles can be used for initiating monomer polymerization under 
sunlight and for cross-linking to form nanocomposite hydrogels with the aid of clay nanosheets. Hydrogels 
are an emerging multifunctional platform because they can be easily prepared using solar energy, retain 
semiconductor nanoparticle properties after immobilization, exhibit excellent mechanical strength 
(maximum compressive strength of 4.153 MPa and tensile strength 1.535 MPa) and high elasticity 
(maximum elongation of 2784%), and enable recyclable photodegradation of pollutants. This work suggests 
that functional nanoparticles can be immobilized in hydrogels for their collective application after 
combining their mechanical and physiochemical properties. 

Hydrogels, which have a three-dimensional porous network, have attracted significant attention due to their 
use as biomaterials and model matrices for biological studies 13 . Most hydrogels, whether covalently or 
non-covalently cross-linked, are mechanically weak and exhibit poor elasticity and a lack of physiochem- 
ical functions 4 . Pioneering double network hydrogels can achieve certain mechanical requirements using a typical 
two-step polymerization 5,6 . A nanocomposite (NC) hydrogel is another original material that can achieve ultra- 
high mechanical properties due to the multiple non-covalent effects between clay nanosheets (Clay-NS) and 
polyacrylamide chains 710 . Recently, researchers have developed a supramolecular hydrogel by mixing Clay-NS 
with dendritic polymers using a multiple salt bridge 11 . However, the preparation of these tough hydrogels requires 
complicated molecular designs or preparation processes and does not permit the combination of the strengths 
and functions of the individual components. Until now, semiconductor nanoparticles (NPs) could only be 
immobilized in weak polymer hydrogels by physical mixing or by vinyl-modified covalent cross-linking 1214 . 

Here, we chose a sunlight-initiated approach to prepare multifunctional NC hydrogels using semiconductor 
NPs as the initiator and backbone; this approach combines the mechanical properties and physiochemical 
performances of the materials into a single platform. Our system consists of four components: water, water- 
soluble semiconductor nanoparticles (ZnO, Ti0 2 , Fe 2 0 3 , Sn0 2 , Zr0 2 , CdSe, or CdTe), N,N-dimethylacrylamide 
(DMAA), and Clay-NS. Semiconductor NPs, including Ti0 2 , ZnO, and CdTe, have been shown to undergo 
photo-initiated polymerization during heterogeneous polymer synthesis 1518 . These inorganic initiators have 
rarely been used to prepare polymer gels under light. The DMAA monomer is a water-soluble acrylamide 
derivative, and the corresponding PDMAA exhibits stability against hydrolytic effects and temperature changes. 
We recently observed that sunlight irradiation can increase the viscosity of a mixture of semiconductor NPs and 
DMAA due to polymerization. The insufficient number of cross-linking points on the NP surfaces determine the 
final viscous situation other than three-dimensional hydrogel. This phenomenon suggests the possibility of 
preparing semiconductor NP-based hydrogels under sunlight by introducing additional cross-linking points. 
Based on the literature, we introduced Clay-NS, a layered structured mineral with a high specific surface 1 ", to the 
mixture as a second building block. 
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Results 

Preparation and characterization. A dispersion of semiconductor 
NPs, DMAA, and Clay-NS (Figure la) was used as a precursor. Of 
these materials, the semiconductor NPs can initiate the poly- 
merization under sunlight to form inorganic-PDMAA brushes 
(Figure lb) and a non-covalent NC hydrogel network via the 
further cross-linking of the brushes (Figure lc) 7,8,20,21 . As described 
in the Methods section, a typical ZnO nanoparticle-based nano- 
composite hydrogel (ZnO-NC gel) was prepared from an aqueous 
solution (Figure Id) with 0.2% ZnO, 5.0% DMAA, and 5.0% Clay-NS 
(Supplementary movie). The final ZnO-NC gel was translucent and 
tough after approximately 1 h of sunlight irradiation (Figures le and 
If and Supplementary Figure SI). As shown in Table 1 and in 
Supplementary Figure S2, simple sunlight irradiation yielded 
elastic and functional NC hydrogels with various nanoparticles, 
with the exception of Zr0 2 and Fe 2 0 3 nanoparticles. We used a 
xenon lamp with an AM 1.5 G filter to mimic sunlight (similar 
spectrum composition and equivalent intensity). All functional 
nanoparticles, with the exception of Zr0 2 and Fe 2 0 3 , can be used 
in similar preparations under artificial sunlight. For quantum dots 
(CdSe and CdTe) with a low bandgap, an elastic hydrogel was 
prepared via visible light irradiation with a wavelength over 
420 nm (Supplementary Figure S3), which can be produced by 
cutting off the UV light of artificial sunlight. A morphology 



analysis confirms the fabrication of a functional NC hydrogel 
using three components. SEM analysis of a supercritically treated 
sample (Figure lg) reveals irregular pores with sizes ranging from 
several tens to several hundreds of nanometres and highly dispersed 
brushes 100-300 nm in size. The porous aerogel was tough rather 
than fragile, in contrast to traditional inorganic aerogels. Bio-cutting 
TEM analysis (Figure lh) reveals that aggregated NPs, with sizes of 
approximately several tens of nanometres, and individual Clay-NS 
particles, which have the same size as in solution, were dispersed in 
the gel (Supplementary Figure S4). 

In our functional hydrogels, the photoinitiator semiconductor 
NPs were similar to organic initiators 20,21 , which enable spatial/tem- 
poral control and a mild curing process relative to the traditional 
preparation of most hydrogels 22 34 . The important advantages of this 
method include the use of inexhaustible sunlight as a substitute for an 
ultraviolet generator. The mild light irradiation initiated by success- 
ful semiconductor NPs can lead to the effective and complete poly- 
merizations of DMAA. Other acrylamide derivatives, such as N- 
isopropylacrylamide, can also be polymerized via the irradiation 
effect. Time-dependent'H NMR analysis of the Ti0 2 precursors 
exhibits an approximately 99% DMAA conversion rate after 1 h of 
irradiation under sunlight and under artificial light (Figure 2a and 
Supplementary Figures S5 and S6). The clear gelation of these pre- 
cursors during irradiation occurs concurrently with a rapid increase 
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Figure 1 | Proposed mechanism, photographs, and SEM and TEM images of the functional ZnO-NC hydrogel. (a-c) Proposed mechanism of the 
functional NC hydrogels under sunlight. The semiconductor NPs, monomer, and Clay-NS are homogeneously dispersed in water (a). When exposed to 
sunlight, polymerization is initiated by the semiconductor NPs (b). Next, the NPs and Clay-NS are cross-linked to develop a 3D network (c). (d-f) Optical 
images of the hydrogelation process. A mixture solution of ZnO nanoparticles, DMAA, and Clay-NS (d). Hydrogelation after 1 h of irradiation (e). The 
elastic ZnO-NC hydrogel (f). (g) SEM image of the ZnO-NC hydrogel after supercritical drying, (h) TEM image of the ZnO-NC hydrogel after a 
bio-cutting treatment. 
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Table 1 | The gelation ability of various semiconductor nanoparticles 



NP 


Absorption edge (nm) 


Band energy (eV) 


Solution colour 


Sun light" 


Xenon lamp" 


Visible light b 


Fe 2 0 3 


919.1 


1.35 


Red brown 


No 


No 


No 


CdSe 


570.4 


2.17 


Yellow 


Gel 


Gel 


Gel 


CdTe 


559.8 


2.22 


Yellow 


Gel 


Gel 


Gel 


ZnO 


434.2 


2.85 


Translucent 


Gel 


Gel 


No 


TiO z 


414.8 


2.99 


White 


Gel 


Gel 


No 


Sn0 2 


384.9 


3.22 


Translucent 


Gel 


Gel 


No 


ZrQ 2 


250.3 


4.95 


White 


No 


No 


No 



"The average intensities of sunlight and of the xenon lamp with an AM 1 .5 G filter at 365 nm are both approximately 2.0 mw cm 2 . 
b The visible region of the xenon lamp was obtained by cutting off the light at X < 420 nm. 



in monomer conversion after 15 min (Figure 2a), which accompan- 
ies by a sharp increase in the decay time and a decrease in the 
correlation coefficient and the dynamic light scattering (DLS) spec- 
trum (Figure 2b). Comparison of the small angle X-ray scattering 
(SAXS) spectra at various irradiation times reveals the formation of a 
regular pore structure (Supplementary Figure S7). If a light source 
with a higher intensity is used, the gelation could be completed more 
rapidly; this phenomenon was investigated using an in situ Theolo- 
gical measurement with strong ultraviolet light (Supplementary 
Figure S8). For a visible light-irradiated CdTe system, a greater than 
95% DMAA conversion rate can be achieved within 1.5 h 
(Supplementary Figure S9). Other semiconductor NPs, such as 
ZnO, Sn0 2 , CdS, and CdSe, also permit polymerization irradiation 
under various light sources. For the exceptions, the Zr0 2 and Fe 2 0 3 
nanoparticles, the NMR data indicate a <5% DMAA conversion rate 
after the same irradiation time (Supplementary Figure S10). The 
large bandgap of Zr0 2 (4.95 eV) is most likely the main barrier to 



electron-hole excitation. Although Fe 2 0 3 nanoparticles can initiate 
photo-polymerization in organic solvents, the free radicals are easily 
inhibited by the reduction of Fe 3+ and water molecules in an aqueous 
solution 18 . For use in our self-initiated system, a semiconductor NP 
should have a moderate bandgap, which is easy to be excited by 
sunlight to form active radicals. 

Mechanical properties. As shown in the supporting movie, our 
semiconductor NP-NC gels exhibits high toughness and elasticity. 
Table 2 lists the detailed mechanical data for the Ti0 2 -NC hydrogels 
with various semiconductor NP and Clay-NS proportions. A three- 
component hydrogel could be formed with a proper concentration 
range of NPs (0.015% to 1% for Ti0 2) ZnO, Sn0 2 , CdSe, and CdTe), 
DMAA (5% to 10%), and Clay-NS (5% to 20%). As shown in 
Figure 3a, the Ti0 2 -NC hydrogels with 0.2% Ti0 2 (5% DMAA and 
5% Clay-NS) exhibit a very large elongation of close to 27 times the 
original length. The minimum proportion of Ti0 2 for complete 
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Figure 2 | Gelation process of the Ti0 2 -NC hydrogels. (a) The conversion of the monomer by Ti0 2 under a xenon lamp with an AM 1.5 G filter. 
The precursor consisted of 3% DMAA, 3% Clay-NS, 94% D 2 0, and 0.1% Ti0 2 . (b) DLS analysis of the sample during irradiation. The precursor solution 
containing 3% DMAA, 3% clay, 94% H 2 0, and 0.1% Ti0 2 was irradiated for different times, (c) The EPR spectrum of the precursor consisting of Ti0 2 
and DMAA under UV irradiation, (d) The molecular weight distribution of the PDMAA polymers formed from the aqueous mixture of Ti0 2 and DMAA 
after 1 h of sunlight irradiation. 
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Table 2 | The mechanical properties of theTiC^NC gels with various proportions 



Composition Ti02/ Tensile Modulus Exten-sibility Comp." Strength 

No. DMAA/Clay-NS (%) (MPa) Tensile Strength (MPa) (%) Comp.° Modulus (MPa) (MPa) b 



1 0.2/5/5 0.0082 + 0.0004 0.2575 ± 0.0143 2688 ± 73 0.0074 ± 0.0004 0.386 ± 0.01 1 

2 0.2/7/5 0.0081 ± 0.0004 0.2525 ± 0.0125 2784 ± 58 0.0068 ±0.0004 0.363 ± 0.009 

3 0.2/10/5 0.0083 ± 0.0003 0.2595 ± 0.0108 2767 ± 80 0.0063 ± 0.0004 0.335 ± 0.008 

4 0.2/10/10 0.167 ± 0.026 1.130 ± 0.074 2280 ±103 0.177 ±0.011 2.103 ±0.1 16 

5 0.2/10/15 0.507 ± 0.032 1 .535 ± 0.089 1506 ± 78 0.610 ± 0.026 3.356 ±0.143 

6 0.2/10/20 2.404 ± 0.150 1 .075 ± 0.063 1086 ± 86 1.958 ± 0.080 4.153 ±0.121 



°Comp. = Compressive. 



Compressive strength at a maximum strain of 95% 



conversion is 0.05%, which yields an approximate elongation of 
2740%. Figure 3b shows that the relative elongation decreases 
slightly to 2720%, 2688%, and 2608% when the proportion of Ti0 2 
increases to 0.1%, 0.2%, and 0.4%, respectively. The additional cross- 
linking density from Ti0 2 nanoparticles should correspond to a 
decrease in the elongation of our hydrogels along with an increase 
in the proportion of Ti0 2 . As shown in Supplementary Figure S12, 
the ZnO-based hydrogel also exhibits decreasing elongation as the 
proportion of ZnO was increased. The final optimized concentration 
of Ti0 2 in our system is 0.2%, taking into account the elongation, 
tensile modulus, and broken strength (Figure 3b). Synthetic PDMAA 
with a broad distribution provides the high elasticity of our NC gel 
system, which is the result of the space linkage between the dispersed 
inorganic cross-linkers. 

The tensile performances (elongation, modulus, and strength) all 
weakly depend on the DMAA content when the concentration is 
greater than 5%. A maximum elongation of 2784% occurs for the 
Ti0 2 -NC gel containing 7% DMAA (0.2% Ti0 2 and 5% Clay-NS). 
We select 5% DMAA as the optimized concentration to decrease the 



organic component and the final cost. The tensile performance 
(elongation, modulus, and strength) all strongly depend on the 
Clay-NS content (Figure 3c and Table 2). Therefore, we attempt to 
use the viscous precursors to fabricate a hydrogel with up to 20% 
Clay-NS, which should have excellent mechanical properties due to 
the high inorganic concentration. The maximum tensile modulus of 
the functional NC gel with 20% Clay-NS (0.2% Ti0 2 and 10% 
DMAA) is 2.404 MPa. The elongation values decrease from 2688% 
to 1086% as the proportion of Clay-NS increase from 5-20% due to 
the increased cross-linking density. A maximum broken strength of 
1.535 MPa is obtained for the functional NC gel with 15% Clay-NS. 

For the compressive test, we found that all of the hydrogels can 
tolerate a compression greater than 95% and can exhibit partially 
rubber-like properties. The compressive performances of the hydro- 
gels decrease slightly with increasing DMAA concentration (0.2% 
Ti0 2 and 5% Clay-NS) (Table 2). The compressive modulus and 
strength both strongly depend on the Clay-NS content. As shown 
in Figure 3d, the compressive modulus and strength at a 95% strain 
increase with increasing Clay-NS amount. The Ti0 2 -NC hydrogel 




Strain (%) Strain (%) 

Figure 3 | Mechanical properties of the Ti0 2 -NC hydrogels with different proportions, (a) Images of the Ti0 2 -NC hydrogel during the tensile testing 
process, (b) Tensile properties of the Ti0 2 -NC hydrogels containing 5% DMAA, 5% clay, and different proportions of Ti0 2 . (c) Tensile properties of the 
Ti0 2 -NC hydrogels containing 0.2% Ti0 2 and different Clay-NS concentrations, (d) Compressive properties of the Ti0 2 -NC hydrogels with different 
clay concentrations. 
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(0.2% Ti0 2 , 5% DMAA, and 20% Clay-NS) achieves a maximum of 
1.958 MPa for the compressive modulus and 4.153 MPa for the 
compressive strength. Other semiconductor NP-NC gels, such as 
the ZnO system, also exhibited excellent compressive performances 
similar to that of the Ti0 2 gels (Supplementary Figures SI 1 and S12). 
Another interesting mechanical property is the very rapid recovery of 
rheological strength that our sample exhibits after a large- amplitude 
oscillatory breakdown; this property is known as self-healing 35-36 
(Supplementary Figure S13). This recovery is fully reproducible for 
three strain cycles (y changes as 1%-100%-1%-100%-1%-100%-1%). 

Fluorescence and photocatalytic properties. One advantage of our 
systems is the remnant physicochemical properties of the semicon- 
ductor NPs after in situ immobilization. We can observe that the NPs 
within a tough hydrogel retain their intrinsic properties. As shown in 
Figure 4a, the CdTe-NC hydrogel ( CdTe/DM AA/ Clay-NS of 
0.015%/3%/3%) has absorption and emission peaks that are analo- 
gous to those of a 0.015% quantum dot solution of CdTe. The 
fluorescence intensity of the CdTe-NC hydrogel is slightly higher 
than that of the original CdTe solution at an identical concen- 
tration due to light activation during processing 37 . Hydrogels with 
different fluorescence intensities can be easily prepared using 
variously sized CdTe dots (Figures 4b-d). 

Semiconductor NPs can act as photocatalysts even within a func- 
tional hydrogel. The TiO z -NC hydrogel (Ti0 2 /DMAA/Clay-NS 
of 0.4%/5%/5%) is selected to collectively treat dyes using the 
adsorption-photodegradation-readsorption cycle 38,39 . As drawn in 
Figure 4e, the Ti0 2 -NC hydrogel can enrich a large amount of 



methylene blue to form a dark blue hydrogel via the electrostatic 
effect. The first maximum absorption of methylene blue is 59.5 mg 
for 1 g of dried hydrogel (Figure 4f). The dark blue hydrogel in 5-fold 
excess of water can change to light blue after 2 h of UV (middle- 
pressure mercury lamp, 100 mW cm~ 2 ) degradation via the loaded 
Ti0 2 . The colourless products after photodegradation easily diffuse in 
water. Notably, the reused Ti0 2 -NC hydrogel can readsorb the 
methylene blue and be re-treated by the immobilized photocatalyst. 
The adsorbed amount of methylene blue after two recycles can reach 
86.3% of the fresh hydrogel. As a control, the traditional NC hydrogel 
of Clay-NS and DMAA 8 was studied; this hydrogel could adsorb an 
equivalent amount of methylene blue but could not be obviously 
degraded under the same UV irradiation conditions (Supplementary 
Figure S14). Another pollutant, acid fuchsin can also be captured and 
degraded with the Ti0 2 -NC hydrogel (Supplementary Figure S15). 

Discussion 

With our aqueous precursors, semiconductor NPs produce the same 
free radical mechanism as organic initiators 20,21 due to water inhibi- 
tion of the chain propagated ions. The OH radical (produced by the 
photogenerated hole and electron) and the hole are the two initiating 
species that form a DMAA radical and further propagating radicals. 
The competitive OH radical is the main species in our precursor with 
a high pH (approximately 9.0) in the absence of deliberate degassing 
treatment 15 . The existence of a hydroxyl radical in the Ti0 2 and CdTe 
base solutions is confirmed by electron paramagnetic resonance 
(EPR) spectroscopy after DMPO adduction; the spectroscopy data 
reveal a characteristic DMPO-OH radical spectrum with a 1 : 2 : 2 : 1 
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Figure 4 | Fluorescence and photocatalytic properties of the semiconductor NP-NC hydrogels. (a) The UV-Vis absorbance and PL spectra of the 
CdTe-NC hydrogel and the CdTe quantum dot solution with the same concentration of CdTe. (b-d) Images of three different CdTe-NC hydrogels under 
an ultraviolet lamp. The average diameters of the CdTe quantum dots are estimated to be 2.8 nm (b, green), 3.3 nm (c, yellow), and 4.0 nm (d, red), 
(e) The recyclable application of the Ti0 2 -NC hydrogel for the treatment of polluted water and images of the Ti0 2 -NC hydrogels at various stages are 
shown (the scale is 1 cm), (f) The amount of MB adsorbed by the Ti0 2 -NC gel in the three reusing cycles. 
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ratio (Supplementary Figures SI 6a and 16c). The hole initiator can 
directly react with non-covalent adsorbed DMAA to form a surface 
monomer radical by abstracting hydrogen, while the active OH rad- 
ical can also adduct with DMAA to form a monomer radical 15 " 18 . The 
long-lived propagating radical that grows from the monomer radical 
is obvious in the EPR spectrum of the mixture solution of Ti0 2 and 
DMAA after UV irradiation (Figure 2c) and in the spectrum of the 
CdTe solution system (Supplementary Figure S16d) after visible light 
irradiation. 

The formation of PDMAA polymers with a broad molecular 
weight distribution after 1 h of sunlight irradiation is confirmed by 
the GPC data for the mixture solution of Ti0 2 and DMAA 
(Figure 2d). The propagating radical signal has the largest intensity 
at 4 min and then decreases with time (Supplementary Figure S16b). 
The semiconductor NPs should be immobilized within the func- 
tional hydrogels because the non-covalent cross-linking points 
prevent easy leakage during incubation. A mechanism for the pre- 
paration of our NC gels under sunlight irradiation is proposed as 
follows. First, more active holes react with the non-covalent adsorbed 
DMAA to form a surface monomer radical, which initiates the poly- 
merization directly at the unmovable NP surfaces. The correspond- 
ing polymers exhibit both double bond and hydroxyl end groups 
(Supplementary Figure SI 7a). The OH radicals then diffuse from 
the NPs and initiate polymerization near the NP surfaces in the 
polymers that only have hydroxyl end groups (Supplementary 
Figure SI 7b). 

Our semiconductor NP-based NC gels, which are produced by 
easy sunlight-initiated polymerization and a non-covalent cross- 
linking effect, have not only mechanical properties that are tuneable 
by changing the various components but also no toxic residue in 
comparison with organic initiators. The self- immobilized NPs 
within the functional NC gels exhibit inherent physiochemical prop- 
erties, such as absorption and fluorescence, that are comparable to 
those of their original solution. The semiconductor NP-NC hydro- 
gels can be used as a recyclable platform for the collective treatment 
of industrial pollutants. By coupling other applications of NPs, func- 
tional NC gels could be designed as an effective and recyclable water- 
rich platform for photohydrolysis and solar cells. Our semiconductor 
NP-based hydrogel addresses one disadvantage of hydrogels fabri- 
cated by complicated methods, that is, excellent mechanical perfor- 
mances but a lack of functionality. 

Methods 

Preparation. In a typical hydrogelation, 0.12 mL of a ZnO aqueous suspension 
(10%), DMAA monomer (300 mg, 0.31 mL), Clay-NS (300 mg), and water were 
mixed with vigorous stirring to form a 6.0 g aqueous suspension within 5 minutes 
(Figure Id). The last precursor can form a ZnO-NC gel with semitransparent 
performance and tough elasticity via irradiation under sunlight (1 h, average 
intensity of 2.0 mW cm -2 at 365 nm) or artificial sunlight (1 h, fixed intensity of 
2.0 mW cm -2 at 365 nm provided by a xenon lamp with an AM 1.5 G filter, Model 
91160, 300 W, Newport, USA, Full Spectrum Solar Simulator) (Figure le). The other 
semiconductor NPs can be used for a similar preparation with artificial sunlight or 
even visible light based on their different bandgaps. 

Characterizations. We used NMR to demonstrate the conversion of the monomer in 
D 2 0 using 1,4-dioxane as the internal standard material. The molecular structures of 
the resulting polymer products were also analyzed by NMR. Compressive 
stress-strain measurements were performed on gels with a tensile-compressive tester 
(FR-108B, Farui Co.). A cylindrical gel sample 13 mm in diameter and 7 mm thick 
was set on the lower plate and compressed by the upper plate, which was connected to 
a load cell (500 N), at a strain rate of 5 mm min -1 . Tensile measurements were 
acquired using a hydrogel sample with a dumbbell shape (20 mm X 2 mm X 2 mm). 
SEM images of a supercritically treated sample were acquired on a Hitachi S-4800 
scanning electron microscope (SEM). TEM pictures of bio- cutting samples were 
acquired by JEM-2010 transmission electron microscopy (TEM) at a 120 kV 
accelerating voltage. The molecular weights of the polymers were determined from 
Gel Permeation Chromatography measurements (Waters 2695, GPC). DLS analysis 
of the gelation process was performed on a Zetasizer instrument (Nano-ZS, Malvern). 
EPR analysis of the free radicals was conducted with an EPR Spectrometer 
(A300, Bruker). The SAXS measurements of the gelation process were acquired at the 
Shanghai Synchrotron Radiation Facility, Shanghai, China, at the small angle X-ray 
scattering station (BL16B1) with a long-slit collimation system. UV-Vis spectra and 



photoluminescence (PL) spectra were obtained on a UV-Vis spectrometer (Agilent 
8453) and a fluorescence spectrometer (Hitachi F-7000), respectively. 
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